Previously it was reported that Alzheimer's disease (AD) patients have reduced amyloid (Aβ 1-42 ) and elevated total tau (t-tau) and phosphorylated tau (p-tau 181p ) in the cerebrospinal fluid (CSF), suggesting that these same measures could be used to detect early AD pathology in healthy elderly (CN) and mild cognitive impairment (MCI). In this study, we tested the hypothesis that there would be an association among rates of regional brain atrophy, the CSF biomarkers Aβ 1-42 , t-tau, and ptau 181p and ApoE ε4 status, and that the pattern of this association would be diagnosis specific. Our findings primarily showed that lower CSF Aβ 1-42 and higher tau concentrations were associated with increased rates of regional brain tissue loss and the patterns varied across the clinical groups. Taken together, these findings demonstrate that CSF biomarker concentrations are associated with the characteristic patterns of structural brain changes in CN and MCI that resemble to a large extent the pathology seen in AD. Therefore, the finding of faster progression of brain atrophy in the presence of lower Aβ 1-42 levels and higher p-tau levels supports the hypothesis that CSF Aβ 1-42 and tau are measures of early AD pathology. Moreover, the relationship among CSF biomarkers, ApoE ε4 status, and brain atrophy rates are regionally varying, supporting the view that the genetic predisposition of the brain to amyloid and tau mediated pathology is regional and disease stage specific.
Introduction
There is an increasing body of evidence from in vivo imaging and post mortem studies indicating that Alzheimer's disease (AD) is associated with a sequence of pathophysiological events that can occur over a long period (approximately 20-years) before clinical symptoms become apparent (Price and Morris, 1999) . A slow disease progression provides potentially a window for early interventions to reduce or even stop progression of AD. Histopathological studies showed that the hallmarks of the disease, Aβ-rich amyloid plaques and neurofibrillary tangles formed by abnormal tau, precede neuron loss in presymptomatic AD patients (Price and Morris, 1999) . Substantial accumulations of plaques and tangles in the brain can also be found in non-demented subjects with mild cognitive impairment (MCI), a transitional stage between normal aging and dementia (Aizenstein et al., 2008; Jack et al., 2009; Mintun et al., 2006) . Consistent with histopathological findings, cerebrospinal fluid (CSF) chemistry studies have pointed to alterations in CSF Aβ (in particular Aβ 1-42 ), total tau (t-tau) and phosphorylated tau (p-tau 181p ) concentrations preceding clinical symptoms of AD (Fjell et al., 2008) . In general, studies found that increased CSF t-tau and p-tau 181p were associated with neuronal and axonal damage, whereas reduced CSF Aβ 1-42 , the form of Aβ that most readily fibrillizes and deposits earliest in plaques, has been implicated to reflect higher amyloid plaque burden in the brain (Clark et al., 2003; Shaw et al., 2009 ). However, the CSF measures are not easily interpretable because their origins are not exclusively brain derived and they provide no information about the regional spread of brain damage. Despite this, there is considerable agreement that measuring CSF Aβ 1-42 , t-tau, and p-tau 181p improves the diagnostic accuracy for AD (Andreasen et al., 1999) .
Independent of biomarker studies, numerous structural MRI studies have shown a characteristic pattern of brain atrophy in AD and a similar pattern in MCI, affecting primarily regions in the parietotemporal lobe, including the hippocampus, which plays a central role in memory formation (Chetelat and Baron, 2003; deToledo-Morrell et al., 2004; Du et al., 2001; Du et al., 2002; Duarte et al., 2006; Hua et al., 2008; Kramer et al., 2004; Morra et al., 2008; Morra et al., 2009a; Morra et al., 2009b; Schroeter et al., 2009; Thompson et al., 2004; Whitwell et al., 2007; Whitwell et al., 2008) . In addition, an increasing number of longitudinal MRI studies show that both AD and MCI are also associated with a regional pattern of increased rates of brain tissue loss compared to normal aging (Desikan et al., 2008; Du et al., 2004; Du et al., 2003; Jack et al., 2005; Jack et al., 2008b; Jack et al., 2004; Stoub et al., 2005) . With the emerging findings of CSF biomarker and structural imaging alterations in AD, there is considerable interest in utilizing the CSF and MRI measures together to improve detection of early signs of AD, as well as, in unraveling relationships between CSF Aβ 1-42 , t-tau, and ptau 181p and MRI measures of regional brain alterations. Recently it has been shown that the combination of CSF biomarkers and atrophy rates can provide better prediction of AD than either source of data alone Vemuri et al., 2009a, b) . However, whether relationships between brain atrophy rates and CSF biomarkers help further to improve predictions has not fully been explored.
Moreover, the role of the apolipoprotein E allele ε4 (ApoE ε4) gene, a major risk factor for AD, ought to be considered for a comprehensive evaluation. Presence of ApoE ε4 is related to abnormal CSF biomarker concentrations (Glodzik-Sobanska et al., 2009; Sunderland et al., 2004) , as well as, to higher rates of brain atrophy (Basso et al., 2006; Fleisher et al., 2005; Potkin et al., 2009; Schuff et al., 2009; Sluimer et al., 2008) . The relationships among all three factors, CSF biomarkers, ApoE ε4, and rates of regional brain atrophy, might therefore provide important information about the vulnerability of the brain to AD. Our overall goal in this study was therefore to unravel the relationships among all three factors: brain atrophy rates, CSF biomarker concentrations, and presence of ApoE ε4. Toward the goal of identifying an AD biomarker, it will be important to fully understand the relationship between CSF biomarker concentrations and brain degeneration, such as neuron loss, which is thought to underlie the clinical symptoms in AD (Fjell et al., 2008; Jack et al., 2009) . While CSF biomarkers relate to cumulative AD pathology in the brain as peripheral measures, MRI as an external tool elucidates the distribution of the AD related neurodegeneration (i.e., brain atrophy in terms of tissue loss and ventricular enlargement). However, relatively few MRI studies so far have reported correlations between CSF biomarkers and the pattern of brain atrophy or the rate of atrophy progression (Fagan et al., 2009; Fjell et al., 2010a; Fjell et al., 2010b; Hampel et al., 2005; Henneman et al., 2009; Herukka et al., 2008; Leow et al., 2009; Schuff et al., 2009) . Specifically, in healthy elderly individuals, it has been shown that low CSF levels of Aβ 1-42 correlate with ventricular expansion and volumetric reductions in widespread brain areas (Fjell et al., 2010a) . In individuals with progressive MCI, low CSF Aβ 1-42 concentration and high concentrations of CSF p-tau 181p and t-tau are associated with higher subsequent rates of hippocampal atrophy (Hampel et al., 2005; Henneman et al., 2009; Herukka et al., 2008; Schuff et al., 2009) . In AD patients, elevated CSF p-tau 181p concentrations were associated with higher subsequent rates of hippocampal atrophy and medial temporal atrophy (Hampel et al., 2005; Henneman et al., 2009; Herukka et al., 2008; Leow et al., 2009) , while low CSF Aβ 1-42 concentrations exhibited larger rates of medial temporal atrophy (Leow et al., 2009 ). However, the majority of previous MRI studies in this context focused on hippocampal and temporal lobe atrophy and ventricular expansion in MCI and AD patients, while relatively little is known about relations between the CSF biomarker concentrations and atrophy rates of other regions throughout the brain. In addition, variations in these relationships across the spectrum of cognitive impairments have not been comprehensively studied for regions across the brain.
Our main goal in this study was to test the hypothesis that relations between CSF biomarkers (i.e., Aβ 1-42 , t-tau, and p-tau 181p concentrations) and rates of regional brain atrophy not only vary across brain regions but also across the cognitive spectrum, including healthy elderly individuals (CN), individuals with MCI, and AD patients. In particular we tested that (1) low Aβ 1-42 and high t-tau and p-tau 181p concentrations were associated with smaller mean regional brain tissue volume and cortical thickness in CN, MCI, and AD, (2) low Aβ 1-42 and high t-tau and p-tau 181p concentrations were associated with increased rates of regional brain atrophy in CN, MCI, and AD, and (3) the patterns of association were group-specific. In addition, we tested whether abnormal CSF biomarker concentrations and ApoE ε4 status separately or together were associated with higher rates of brain atrophy.
Cohort and Methods
We examined the baseline regional tissue volume and cortical thickness, and the rate of change in regional tissue volume and cortical thickness across the brain in CN, individuals with MCI, and AD patients. Structural magnetic resonance imaging (MRI) brain scans at multiple time points (four time point scans -baseline, 6, 12, and 24 months -for CN and AD subjects and five time point scans -baseline, 6, 12, 18, and 24 months -for individuals with MCI) were acquired at multiple Alzheimer's Disease Neuroimaging Initiative (ADNI) sites using 1.5 Tesla MRI scanners. Using FreeSurfer longitudinal processing framework, regional tissue volumes of a total of 108 cortical and sub-cortical regions and local cortical thickness through out the entire cortex were automatically measured at each time point. In each diagnostic group separately, generalized linear mixed effect models followed by pair-wise maximum likelihood test were performed to test: 1) if baseline CSF biomarker concentrations predict absolute volumes and local thickness at baseline; 2) if baseline CSF biomarker concentrations modulate the rates of brain atrophy; and 3) if CSF biomarkers and ApoE ε4 modulate the rates of brain atrophy jointly or independently, after accounting for variations in age, sex, and education. Pursuing a region-of-interest based analysis allows us to study the subcortical structures while surface-based cortical thickness analysis provides better localization of the effects on cortical mantle. Finally, we tested if the observed modulation effects of baseline CSF biomarkers on rates of atrophy differ among groups. The methodological details are explained herein.
Participants
The participants in this study were recruited through the ADNI, a longitudinal, multicenter study launched in 2003 by the National Institute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies, and non-profit organizations, as a $60 million, 5-year public-private partnership to define biomarkers of early Alzheimer's disease for clinical trials (http://www.adni-info.org). The Principal Investigator of this initiative is Michael W. Weiner, MD of the Veteran Affairs Medical Center and University of California in San Francisco.
Briefly, inclusion criteria for the CN group were Mini-Mental State Examination (MMSE) scores between 24 and 30, a Clinical Dementia Rating -Sum of Boxes (CDR-SB) score of 0, and lack of depression, MCI, or dementia. Inclusion criteria for the MCI group followed the Peterson criteria (Petersen et al., 1999) for amnestic MCI, which required a subjective memory complaint, objective memory loss measured by education-adjusted Wechsler Memory Scale-Revised Logical Memory II scores, a CDR-SB of 0.5, absence of significant impairment in other cognitive domains, preserved activities of daily living, and an absence of dementia. AD participants met the National Institute for Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorder Association (NINDS/ADRDA) criteria for probable AD, had an MMSE between 18 and 26, and a CDR-SB of 0.5 to 1.0. Exclusion criteria included history of structural brain lesions or head trauma, significant neurological disease other than incipient AD, and use of psychotropic medications that could affect memory. The full details of the inclusion and exclusion criteria for the ADNI can be found at http://www.adni-info.org. Written consent was obtained from all subjects participating in the study according to the Declaration of Helsinki (Br Med J 1991; 302: 1194) , and the study was approved by the institutional review board at each participating site.
The population in this study included ADNI subjects with valid test result for all three CSF biomarkers and successful longitudinal FreeSurfer processing of MR images from at least two time points. Overall, the study population was comprised of 77 CN, 118 MCI, and 53 AD subjects. Details of CSF biomarker concentration measurement and longitudinal structural MR image processing are described in the following sections. The demographic details of each group are given in Table 1 .
Structural MRI Acquisition
The participants underwent a standardized 1.5 Tesla MRI protocol (http://www.loni.ucla.edu/ADNI/Research/Cores/index.shtml), which included two T1weighted MRI scans using a sagittal volumetric magnetization prepared rapid gradient echo (MP-RAGE) sequence with the following acquisition parameters: echo time (TE) of 4 ms, repetition time (TR) of 9 ms, flip angle of 8°, acquisition matrix size of 256 × 256 × 166 in the x-, y-and z-dimensions with a nominal voxel size of 0.94 × 0.94 × 1.2 mm 3 . Only one of the MPRAGE sets was used for analysis. The ADNI MRI quality control center at the Mayo Clinic selected the MP-RAGE image with higher quality and corrected for system-specific image artifacts, as described in (Jack et al., 2008a) .
CSF Biomarker Concentrations
CSF samples were obtained from 53% of ADNI participants, while the rest did not undergo lumbar puncture. The demographics of ADNI subjects with CSF samples are comparable with that in the full ADNI patient population (http://www.adni-info.org).
A small sample of CSF from the lower spine of each subject was collected at baseline by lumbar puncture in the morning after an overnight fast. Lumbar puncture was performed with a 20-or 24-gauge spinal needle as described in the ADNI procedures manual (http://www.adni-info.org). In brief, CSF was collected into collection tubes provided to each site, then transferred into polypropylene transfer tubes followed by freezing on dry ice within 1 hour after collection, and shipped overnight to the ADNI Biomarker Core laboratory at the University of Pennsylvania Medical Center on dry ice. 0.5 ml aliquots were prepared from these samples after thawing for 1 hour at room temperature and gentle mixing. The aliquots were stored in bar code-labeled polypropylene vials at -80°C. Aβ 1-42 , t-tau, and p-tau 181p were measured in each aliquots using the multiplex xMAP Luminex platform (Luminex Corp, Austin, TX) with Innogenetics (INNO-BIA AlzBio3; Ghent, Belgium; for research use-only reagents) immunoassay kit-based reagents. Full details of this combination of immunoassay reagents and analytical platform are provided elsewhere (Olsson et al., 2005) . The ADNI baseline CSF samples were analyzed over a 14-day period and included test-retest analyses of 29 of the samples that further substantiated the analytical performance (r 2 values for comparison of initial test result with retest result of 0.98, 0.90, and 0.85 for t-tau, Aβ 1-42 , and p-tau 181p , respectively for 29 randomly selected samples). Full details of ADNI baseline CSF biomarker measurements are provided elsewhere .
FreeSurfer Longitudinal MR Image Processing
Automated cortical thickness measures, cortical parcellation, and subcortical segmentation were performed with FreeSurfer software package, version 4.4 (http://surfer.nmr.mgh.harvard.edu/fswiki). To reduce the confounding effect of intra-subject morphological variability, each subject's longitudinal data series was processed by FreeSurfer longitudinal workflow. The longitudinal workflow was designed to estimate brain morphometry measurements that were unbiased with respect to any time point. Instead of using information from a specific time point as a prior for other time points, a template image volume was created as an unbiased prior for all time points.
FreeSurfer longitudinal workflow consists of four stages: (1) processing of all time points individually with the cross-sectional workflow; (2) creation of a probabilistic template unbiased toward time points from all time points' cross-sectional data; (3) processing of unbiased template with the cross-sectional workflow; and finally (4) re-processing of each time point with the longitudinal workflow, which uses the unbiased template results as initial guess for the segmentation and surface reconstruction. For a full description of the FreeSurfer processing steps, see (Fischl et al., 2002; Fischl et al., 2004) , and for a full description of the longitudinal workflow, see http://surfer.nmr.mgh.harvard.edu/fswiki/LongitudinalProcessing. The Freesurfer measures for each subject at each time point are as follows: (1) Each image voxel in MR image volume was automatically assigned one of 40 neuroanatomical labels and for each anatomical subcortical region-of-interests (ROIs) total tissue volume was estimated (Fischl et al., 2002) . (2) Vertex-based cortical thickness measurements were obtained as the distance between the reconstructed surface representations of the gray matter/white matter and white matter/CSF tissue interfaces (Fischl and Dale, 2000) . Each cortical surface was spatially normalized to a template cortical surface using a non-rigid high-dimensional spherical averaging method to align cortical folding patterns. Subject cortical thickness maps were mapped onto the template surface based on this spatial normalization and then smoothed by a surface-based Gaussian blurring kernel with a standard deviation of 10mm to remove noiseinduced variations in the measurements. (3) Spatial normalization to the template cortical surface was also used to automatically parcellate the subject cortical surfaces at each time point to 34 anatomical regions per cortical hemisphere (Fischl et al., 2004) . For each cortical ROI, cortical gray matter volume was estimated based on the cortical parcellation and tissue segmentation.
The surface reconstruction, subcortical segmentation, and cortical parcellation results were visually examined for anatomical accuracy. Although the FreeSurfer software package allows for manual editing to correct registration and segmentation errors, given the large number of subjects in ADNI data set, only the data with accurate results from fully automated processing were used in the subsequent analysis in the interest of a practical total processing time and avoidance of reader bias. 74% of the MR images passed this quality control, 3% of the images failed the quality control completely, and remaining 23% of the images got partial pass on the quality control. Details of the quality control procedure are posted online at http://www.loni.ucla.edu/twiki/pub/ADNI/ADNIPostProc/ UCSFFreeSurferMethodsSummary.pdf.
Statistical Analyses
For each subject, variations in brain volumes or cortical thickness were modeled as a function of time starting with the baseline scan (time-point zero) in intervals of subsequent MRI scans in units of years. We employed a general linear mixed effects (GLME) model for analysis of the longitudinal data in which the response variable (i.e., cortical thickness or tissue volumes of cortical and subcortical regions) was regressed against the explanatory variables including time, baseline CSF biomarker concentration (i.e., Aβ 1-42 , p-tau 181p , or t-tau), and the interaction between time and baseline CSF biomarker concentration to estimate the fixed effects in the group, separately from the random effects such as within subject variations in both baseline and longitudinal measures. This concept was used to test the primary hypothesis that variations in CSF biomarker concentrations modulate rates of brain atrophy (i.e., cortical thinning, tissue volume loss, or ventricular expansion). The fixed effect model was formulated as follows:
Here, V ij represents the size of a brain structure (volume or thickness) from subject i at time point j. Accordingly, T ij indicates the time point of the individual MRI scan, B i0 represents individual CSF biomarker concentrations at baseline and ε ij is the mixed effects error. Our goal was to test the significance of the coefficient β Years:CSFbio in explaining structural variations (i.e., the moderator) relative to the coefficients β 0 , β Years , and β CSFbio and independent of random variations in brain structures at baseline and over time. For a significant interaction to occur, CSF biomarker concentration must modulate the relationship between time and the response variable (i.e., local cortical thickness or regional tissue volume). To determine if the addition of an interaction term (β Years:CSFbio ) between rates of brain atrophy and CSF biomarkers in the model significantly improves the explanatory power of regional variations in cortical thickness or brain tissue volume as a function of biomarkers, we compared pairwise GLME models (i.e., with and without the β Years:CSFbio term), fitted by maximum likelihood (ML) via F-tests. These tests were performed separately for each group (i.e., CN, MCI, and AD). Similarly, to determine the significance of CSF biomarker effects on regional tissue volumes and cortical thickness at baseline, the additive term β CSFbio was assessed by pair-wise comparisons of GLME models with and without β CSFbio term, followed by maximum likelihood (ML) via F-tests. Each CSF biomarker was centered on its population mean to reduce colinearity.
To assess if the effect of CSF biomarkers on rates of regional brain atrophy differ across groups (CN, MCI, and AD), we resampled the random effects residual of the fits by 100-fold bootstrap and evaluated differences in distributions by analysis of variance.
Finally, we tested the extent to which ApoE ε4 status contributes to higher brain atrophy rates independently of CSF biomarker concentrations (ApoE ε4 status + CSF biomarker) or via a synergistic interaction with the biomarkers (ApoE ε4 status *CSF biomarker). Again, pair-wise ML tests were performed between models with and without the interaction term (i.e. ApoE ε4 *CSF biomarker) to determine the contribution of the interaction.
Age, gender, and education were included as covariates in each regression model described above. For cortical thickness measures, the GLME models and the corresponding pair-wise ML F-tests were evaluated at each surface vertex independently. All statistical analyses were computed using R (the R Project for Statistical Computing; www.r-project.org). To control for false positive findings given the large number of comparisons per brain map, we used the concept of a false discovery rate (FDR) at the level q=0.05 (Benjamini and Hochberg, 1995) . For testing the a-priori hypotheses, which comprised a limited number of planned tests, we used a per comparison error rate of q=0.05 for each test to determine the probability that any one contrast, after passing FDR, is found by chance.
Results

Effects of baseline CSF biomarker concentrations on regional mean tissue volumes
The results of associations between biomarkers and mean regional brain tissue volumes (i.e., β CSFbio coefficient) are summarized in Table 2 for those cortical and subcortical ROIs where the baseline CSF biomarker concentrations had significant effect on mean regional tissue volumes (FDR corrected p<0.05). Listed are both the coefficients from the GLME models (representing change in tissue volume per unit biomarker concentration ---i.e., mm 3 /(pg/ml)) and the likelihood ratio (LR) of the biomarker effects. Variations in baseline CSF biomarker concentration in the CN group were not significantly associated with mean regional brain volumes. In contrast, higher baseline concentrations of CSF t-tau and p-tau 181p in MCI were associated with smaller caudate volumes. In AD, lower baseline concentrations of CSF Aβ 1-42 were associated with smaller baseline gray matter volumes in lingual, pericalcarine, and postcentral cortices.
Effects of baseline CSF biomarkers concentrations on the rates of regional tissue volume change
Lower concentrations of CSF Aβ 1-42 were associated: (i) in CN with increased rates of ventricular enlargement; (ii) in MCI with increased rates of ventricular enlargement and increased rates of atrophy prominently in the left lateral and medial temporal cortices, left hippocampus, left isthmus cingulate, and right amygdala; and (iii) in AD with decreased rates of atrophy in the caudate and accumbens area. The interaction coefficient of the GLME regressions (representing change in the rates of atrophy per unit biomarker concentration --i.e., mm 3 /(year*pg/ml)) as well as the likelihood ratio of Aβ 1-42 atrophy modulation effects are summarized in Table 3 for cortical and subcortical ROIs with significant effects only (FDR corrected p<0.05).
In contrast to baseline CSF Aβ 1-42 concentrations, baseline concentrations of CSF t-tau were not significantly associated with any rate of brain volume changes in CN and MCI groups. In AD, however, higher concentrations of baseline CSF t-tau were associated with decreased rates of atrophy in the right posterior cingulate, isthmus cingulate, and precuneus cortices and ventricular enlargement, and increased rates of caudate atrophy as summarized in Table 3 .
Finally, atrophy modulation effects of baseline CSF p-tau 181p concentration largely mirrored the pattern seen for Aβ 1-42 in CN and MCI, though associations with baseline CSF p-tau 181p involved fewer regions in MCI. Specifically, higher concentrations of CSF p-tau 181p were associated: (i) with increased rates of ventricular enlargement in CN; (ii) with increased rates of regional brain atrophy prominently in the left temporal lobe, hippocampus, and amygdala in MCI. In AD, however, baseline CSF p-tau 181p concentrations were not associated with rate of any brain volume changes. Significant interaction coefficient of the GLME models as well as the likelihood ratio of p-tau modulation effects are summarized in Table 3 .
Effects of baseline CSF biomarker concentrations on mean regional cortical thickness
Next, we report effects of CSF biomarker concentrations on mean cortical thickness after accounting for variations in age, gender, and education across subjects. Figure 1 depicts the regional distribution of CSF Aβ 1-42 effects on mean cortical thickness for CN. Also shown in Figure 1 is the regional distribution of the corresponding p-values of the CSF Aβ 1-42 effects based on the ML F-tests. In CN, lower baseline CSF Aβ 1-42 was associated with a thinner cortex in the left frontal pole, left rostral-middle frontal left superior frontal, left pars opercularis, left pars triangularis, left supramarginal, left inferior parietal, left superior temporal, left middle temporal, left inferior temporal, left posterior cingulate, left precuenus, left fusiform, right frontal pole, right rostal middle frontal, right supramarginal, right inferior parietal, right superior parietal, right middle temporal, right inferior temporal, right medial orbito-frontal, right posterior cingulate, right paracentral lobule, right precuneus, and right fisuform cortices. In MCI and AD, no statistically significant association between the baseline CSF biomarker concentrations and the mean cortical thickness measures were observed.
Neither t-tau nor p-tau 181p showed significant association with mean cortical thickness in CN, MCI, and AD groups.
Effects of baseline CSF biomarkers concentrations on the rates of regional cortical atrophy
Similarly, we report next the modulation effects of CSF biomarkers on the rates of cortical thinning after accounting for variations in age, gender, and education across subjects. Figure 2 depicts the regional distribution of a CSF Aβ 1-42 modulation effects on the rates of cortical thinning for MCI. Also shown in Figure 2 is the regional distribution of the corresponding pvalues of the CSF Aβ 1-42 effects based on the ML F-tests. In MCI, lower concentrations of CSF Aβ 1-42 were associated with increased rates of cortical thinning throughout the cortex.
The effects were statistically significant (FDR corrected; p<0.05) in the left temporal pole, left inferior temporal, left middle temporal, left inferior parietal, left paracentral lobule, left cingulate, left isthmus cingulate, left precuneus, left entorhinal, left fusiform, right inferior temporal, and right middle temporal cortices.
In Figure 3 are shown the regional distribution of CSF p-tau 181p effects on the rates of cortical thinning for MCI as well as the corresponding significance maps. The results indicate that higher baseline CSF p-tau 181p concentrations in MCI were associated with higher rates of cortical thinning, significantly in the left temporal pole, left superior temporal sulcus, left entorhinal gyrus, right inferior and middle temporal cortices. Similarly, higher baseline CSF t-tau concentrations were associated with higher cortical atrophy rates in the left entorhinal gyrus in MCI patients, as shown in Figure 4 .
Neither CN nor AD patients showed significant modulation effects of baseline CSF biomarkers on the cortical atrophy rates after correcting for multiple comparison. Although they are not statistically significant, cortical maps of regression coefficients of β Years: CSFbiomarker for CN and AD groups are provided in the Supplementary Figure. 
Group differences in CSF biomarker effects on rates of cortical thinning
By bootstrapping the random effects residuals of the GLME fits with time and baseline CSF biomarker concentration interaction term, we tested if the estimates of the association between biomarkers and atrophy rates significantly differ across populations. Based on pair-wise group comparison, we found that differences in the estimations between the groups were all significant (p= 0.05 level).
ApoE ε4 Analyses
In our data set, presence of ApoE ε4 alleles correlated significantly with the CSF Aβ 1-42 concentrations (r=-0.50, p<10 -5 in CN, r=-0.49, p<10 -8 in MCI, and r=-0.53, p<10 -5 in AD), after controlling for age. A partial correlation between presence of ApoE ε4 alleles and ptau 181p and t-tau after controlling for age was significant only in MCI group (r=0.34 with p<10 -3 and r=0.39 with p<10 -6 , respectively).
In CN group, ML F-test showed that a higher rate of ventricular enlargement was associated independently with higher t-tau as well as presence of ApoE ε4, while lower CSF Aβ 1-42 and higher p-tau 181p alone explained the increased rate of ventricular enlargement without a significant contribution from ApoE ε4.
In individuals with MCI, CSF biomarker concentrations (i.e., lower Aβ 1-42 , higher p-tau 181p and t-tau) and ApoE ε4 were independently associated with higher rates of ventricular enlargement and tissue volume loss in bilateral hippocampus, right amygdala, bilateral temporal lobe (i.e, middle temporal, inferior temporal, temporal pole, fusiform), right lingual, left entorhinal, left parahippocampal, left isthmus cingulate, and left precuneus cortices. Similarly, lower CSF Aβ 1-42 and ApoE ε4 together were associated with higher rates of cortical thinning in temporoparietal cortex, including precuneus and posterior cingulate (Supplementary Figure II) . CSF tau and ApoE ε4 together were associated with higher rates of cortical thinning in the entorhinal cortex, precuneus and temporal pole (Supplementary Figure II) . In contrast, lower Aβ 1-42 alone explained higher rates of tissue volume loss as well as cortical thinning in left entorhinal, fusiform, inferior temporal, temporal pole, and parahippocampal cortices without a significant contribution from ApoE ε4. Similarly, higher CSF tau explained higher rates of cortical thinning in entorhinal cortex without a significant contribution from ApoE e4.
In patients with AD, lower Aβ 1-42 and higher t-tau concentrations as well as presence of ApoE ε4 were associated with higher rates of tissue volume loss in the left and right caudate. However, a higher rate of volume loss in the caudate was explained by lower Aβ 1-42 alone without a significant contribution of ApoE ε4 status. On the other, ApoE ε4 alone was associated with a higher rate of volume loss in caudate, independent of the CSF t-tau concentration.
In no case did an interaction between ApoE ε4 status and CSF biomarker concentration (i.e. ApoE ε4 status * CSF biomarker) approach significance in predicting rate of volume loss or cortical thinning.
Discussion
We have four major findings: (1) In controls, an association between CSF Aβ 1-42 and baseline cortical thickness was observed prominently in regions that generally appear affected in AD. Furthermore, lower CSF Aβ 1-42 and higher p-tau 181p concentrations were associated with an increase in the rate of ventricular expansion in controls. (2) In MCI subjects, an association was observed between increased CSF tau and decreased baseline caudate volume as well as between lower CSF Aβ 1-42 and increased ventricular enlargement. In addition, lower CSF Aβ 1-42 and higher p-tau 181p and t-tau concentrations were associated with higher rates of brain volume loss in regions of the temporal and parietal cortices and in subcortical regions implicated in AD pathology. (3) In AD patients, lower CSF Aβ 1-42 concentration was associated with a decrease in volumes of brain regions not typically implicated in the amyloid pathology of AD. Specifically, lower CSF Aβ 1-42 was associated with reduced atrophy rates in caudate and accumbens areas. On the other hand, higher t-tau concentration was associated with increased atrophy rates in regions of the posterior cingulate and precuneus, decreased atrophy rate in caudate, and decreased rate of ventricular enlargement. (4) The relationship among CSF biomarkers, ApoE ε4 status and brain atrophy rates was regionally specific and varied across the clinical groups.
Our finding in controls, demonstrating that low baseline CSF Aβ 1-42 biomarker concentration is associated with thinner cortex predominantly in the inferior temporal, parietal, frontal, precuneus, and posterior cingulate cortices, provides evidence for a link between variations in peripheral CSF chemistry and regional brain size. Moreover, the result suggests that the link between CSF markers and regional brain size is already established in absence of any apparent clinical symptoms of cognitive deficits. A previous study in cognitively normal elderly also found an association between low levels of CSF Aβ 1-42 and smaller whole-brain volume (Fagan et al., 2009) . It has been shown that in healthy elderly individuals, reduction in CSF Aβ 1-42 is a predictor of cognitive decline and development of AD (Skoog et al., 2003; Stomrud et al., 2007) ; therefore, the association between low baseline CSF Aβ 1-42 concentration and thin cortex in controls could reflect preclinical AD pathology. However, pathological conditions other than AD might also contribute to the relationship between low CSF Aβ 1-42 concentration and cortical thinning.
Another interesting observation in controls is the association between variations in CSF Aβ 1-42 and p-tau 181p concentrations and the rate of ventricular dilation. There are several explanations for this finding. First, the associations may reflect early brain changes associated with AD pathology before clinical symptoms of dementia become apparent and ventricular dilation may reflect the combinations of all these brain changes, which are likely distributed diffusely throughout the brain at this early stage and therefore difficult to detect with conventional techniques of imaging statistics. Another explanation is that the association between CSF and structural changes in controls are not specifically related to AD pathology but merely reflect a general trend of a relationship between CSF biomarker concentrations and brain structures, including other pathologies that can lead to neurodegeneration such as cerebrovascular diseases. It will be important in future studies to determine the predictive value of the relationship between low CSF Aβ 1-42 and high CSF p-tau 181p and ventricular dilatation in controls for the development of AD pathology.
Individuals with MCI displayed associations between CSF p-tau 181p and t-tau concentrations and baseline volume of subcortical structures, specifically the caudate, while other baseline regional brain volumes or cortical thickness measures had no significant association with CSF biomarker concentrations. This finding implies a dissociation between CSF biomarkers and their effects on the brain in individuals with MCI. The finding in MCI, showing that variations in CSF biomarker concentrations are associated with a characteristic pattern of altered rates of regional brain atrophy, similar to the pattern seen in AD, further supports the view that these relations reflect brain alterations presymptomatic to AD and could be useful for staging disease severity and assessing disease progression. Specifically, lower CSF Aβ 1-42 and increased CSF p-tau 181p and t-tau concentrations in MCI were associated with higher atrophy rates both in terms of tissue volume loss and cortical thinning involving primarily inferior and medial temporal, parietal, precuneus, and posterior cingulate cortices and tissue volume loss in subcortical structures, including hippocampus, amygdala, and enlargement of ventricles. Structural MRI studies in AD consistently revealed a pattern of neuroanatomic abnormalities that predominantly involves structures in the medial temporal cortex (i.e., hippocampus and the entorhinal cortex (deToledo-Morrell et al., 2004; Du et al., 2001; Du et al., 2004; Du et al., 2003; Hampel et al., 2005; Morra et al., 2008; Morra et al., 2009a; Morra et al., 2009b; Schroeter et al., 2009; Stoub et al., 2005; Thompson et al., 2004) ) where the early pathological changes are seen, then gradually extends to temporoparietal cortical areas (Chetelat and Baron, 2003; Desikan et al., 2008; Hua et al., 2008; Whitwell et al., 2007; Whitwell et al., 2008) as severity of AD progresses (DeCarli et al., 2007; Jack et al., 2005; Jack et al., 2008b; Jack et al., 2004; Whitwell et al., 2007; Whitwell et al., 2008) . Our finding that lower CSF Aβ 1-42 and higher CSF p-tau 181p and t-tau concentrations were associated with higher atrophy rates of the temporal horn and inferior temporal lobe regions points to a selective vulnerability of these regions to AD pathology, consistent with histopathological findings. The finding that lower CSF Aβ 1-42 is associated with a characteristic pattern of brain atrophy in MCI that resembles the atrophy pattern seen in AD is encouraging for the use of CSF Aβ 1-42 as an early indicator of AD. Most importantly, elucidating the detrimental relationship between CSF biomarkers and rates of brain atrophy is of great interest to detect AD pathology in early stage, which is fundamental for an accurate early diagnosis of the disease, development of new treatment interventions, and evaluation of clinical trials in AD. The synergistic relationship between CSF biomarker and neurodegeneration patterns are of clinical interest as they may not only improve monitoring AD progression and evaluation of new AD therapies but also aid enrichment of clinical trial cohorts by identifying specific subsets of patients with MCI especially at high risk of developing AD Hampel et al., 2003; John, 2001) . Such a custom tailored cohort selection is desirable since drugs with disease-arresting effects have better efficacy in the preclinical and early phase of the disease before the synaptic and neuronal loss become widespread (Shaw et al., 2007) .
The spatial extent of baseline CSF Aβ 1-42 modulation effects on brain atrophy and ventricular expansion observed in individuals with MCI is consistent with previous volumetric studies on patterns of increased atrophy rate in AD patients compared to elderly healthy controls (Scahill et al., 2002) . In addition, a prior autopsy study on AD patients (Arnold et al., 1991) reported neuritic plaques distributed throughout the cortex with the highest densities in the temporal and occipital lobes, while relatively lower plaque densities were found in the parietal lobe. This is consistent with our CSF Aβ 1-42 modulation effect findings in MCI. Compared to the prior autopsy study in AD patients (Arnold et al., 1991) , the spatial extents of CSF p-tau 181p and ttau modulation effects are consistent with the neurofibrillary tangle distributions in AD pathology. In particular, hippocampus and cortical regions surrounding entorhinal cortex and amygdala were reported as the most severely affected areas by neurofibrillary tangles. However, since we do not know how many of the MCI subjects in this study will ultimately develop AD, we cannot determine the predictive value of CSF biomarker concentrations for AD. Another observation in the MCI group was the left hemisphere dominance of the CSF biomarkers' atrophy modulation effects. This observation is consistent with the asymmetric loss of GM (i.e., the left hemisphere atrophies faster than the right hemisphere) in AD (Thompson et al., 2003 ) and yet again supporting the hypothesis that CSF Aβ 1-42 , p-tau 181p , and t-tau are measures of early AD pathology.
In AD patients, lower baseline CSF Aβ 1-42 concentration is associated with smaller baseline GM tissue volumes in lingual, pericalcarine, and post central cortices, which are not traditionally associated with AD pathology. Another surprising finding in AD patients was that abnormal CSF biomarker levels were not significantly associated with rates of cortical thinning, despite positive findings of an association between CSF Aβ 1-42 , as well as, t-tau levels and rates of volume loss in the caudate, posterior cingulate and precuneus. Similarly, abnormal CSF biomarker levels in controls were also not significantly associated with rates of cortical thinning but showed an association with ventricular enlargement. The difference between the CSF biomarker relations to cortical thinning and volume loss could be related to differences in MRI sensitivity for detection of volume loss versus cortical thinning. It is also plausible, however, that the difference in AD is the result of a complex relationship between advanced AD pathology in most cortical regions and peripheral biomarker concentration, while the difference in controls might reflect a threshold effect of minimum biomarker concentration on cortical thinning and volume loss. More studies are warranted to further investigate these issues.
Compared to CN and MCI groups, CSF biomarker concentrations have opposite modulation effects on rates of brain tissue volume change in AD. Specifically, we observed decreased rates of atrophy in the caudate and accumbens area in the presence of lower concentrations of CSF Aβ 1-42 (relative to the CSF Aβ 1-42 concentration distribution in AD group), as well as, decreased rates of atrophy in the right posterior cingulate and precuneus cortices and ventricular enlargement in the presence of higher concentrations of baseline CSF t-tau (relative to the CSF t-tau concentration distribution in AD group). Although not statistically significant, similar trends were observed in cortical atrophy analysis as well, as shown in the supplementary figure. One explanation of this finding could be the disease-stage specific effects of CSF biomarkers on brain atrophy. AD subjects with lower CSF Aβ 1-42 and higher CSF t-tau concentrations (relative to the biomarker concentration distributions in AD group) probably have advanced AD pathology where they reach a plateau in their rate of volume loss, which appears as a slower progression of the brain atrophy.
An interesting finding was that relations between the rate of brain atrophy and CSF biomarker concentrations varied across the CSF Aβ 1-42 , p-tau 181p , and t-tau. This is not unexpected because it is known that amyloid plaques and tau containing tangles are distributed discordantly in brain at early stages of the disease. Specifically, the accumulation of amyloid plaques occurs in cortical regions whereas tangles appear in subcortical structures, predominantly involving the hippocampus (Arnold et al., 1991; Braak and Braak, 1991; Price and Morris, 1999) . Our findings reflect this pattern to some extent. However, the association between elevated CSF tau concentration and caudate atrophy in MCI and AD is an unexpected finding. Recent amyloid imaging studies using PiB-PET reported substantial amyloid deposition in the striatum, including the caudate, in symptomatic and asymptomatic subjects carrying the presenilin-1 (PS1) mutation gene for familial AD (Klunk et al., 2007) . It is therefore possible that our finding with respect to caudate atrophy can be explained by the heterogeneity of MCI and AD study groups, which might include subjects with early onset AD.
Finally, the finding of regional variations among CSF biomarkers, ApoE ε4 status, and brain atrophy rate relationships support the view that the genetic predisposition of the brain to amyloid and tau mediated pathology is region and disease stage specific. Interestingly, the most prominent region associated with CSF biomarker regardless of ApoE ε4 status in MCI included the entorhinal cortex, which is thought to be affected early by AD. Moreover, the effect of ApoE ε4 status on the relationships could be dose dependent (Andersson et al., 2007; Glodzik-Sobanska et al., 2009; Sunderland et al., 2004) .
Our findings in this study are largely consistent with several similar studies on relationships between CSF biomarkers and brain alterations in MCI and AD (Hampel et al., 2005; Henneman et al., 2009; Herukka et al., 2008) . Specifically, increased concentrations of CSF p-tau 181p are associated with higher subsequent rates of hippocampal atrophy in the progressive MCI and AD patients (Hampel et al., 2005; Henneman et al., 2009) (Herukka et al., 2008) , of medial temporal atrophy in AD patients (Leow et al., 2009) , of the temporal and parietal atrophy in MCI (Fjell et al., 2010b) , and of right posterior ventricular horn expansion (Chou et al., 2009) . In contrast, low CSF Aβ 1-42 concentration exhibited an association with increased rate of left hippocampal atrophy in the progressive MCI patients (Fjell et al., 2010b; Herukka et al., 2008) , of the medial temporal atrophy in AD (Leow et al., 2009) , of the temporal and parietal atrophy in MCI (Fjell et al., 2010b) , and of ventricular expansion (Chou et al., 2009) . Elevated CSF t-tau concentrations are associated with higher rates of hippocampal atrophy in stable MCI patients (Herukka et al., 2008) . In controls, it has been shown that low CSF Aβ 1-42 concentration correlates with ventricular expansion and volumetric reductions in widespread brain areas, including inferior temporal, inferior parietal, frontal, posterior cingulate, precuneus, caudate, and amygdala regions (Fjell et al., 2010a) . Fjell et al. reported generally larger effects of CSF biomarkers on brain tissue change than what we found on the same cohort (Fjell et al., 2010a; Fjell et al., 2010b) . However, several methodological differences between our study and that by Fjell et al. complicate direct comparisons. For example, whereas Fjell et al. aimed to evaluate potentially accelerated rates between the first and second scan intervals while accepting mixed effects on rates, we aimed to separate random from fixed effects on rates in order to boost sensitivity while ignoring the possibility of accelerated rates. Since each approach has its estimation bias, the different findings are difficult to interpret.
The majority of previous MRI studies, except (Fjell et al., 2010a; Fjell et al., 2010b) , in this context focused on the hippocampal and temporal lobe atrophy and ventricular enlargement, while our approach was generalized by assessing various other brain regions. Based on this, we discovered that the association between CSF biomarkers and structural changes are regionally differential. Although this observation is not entirely surprising, given that the pathological processes of plaque and tangle formation, which CSF Aβ 1-42 and p-tau 181p and t-tau indirectly represent, respectively. The finding of faster progression of brain atrophy in presence of lower baseline concentrations of Aβ 1-42 and higher concentrations of p-tau 181p /ttau in MCI together with the similarities between the MCI pattern of CSF biomarker atrophy modulation effects and distribution of tangles and plaques in AD support the hypothesis that CSF biomarkers are measures of early AD pathology. MCI pattern of relations between rate of brain atrophy and CSF biomarker concentrations should be further explored to identify possible pre-symptomatic AD pathology. This finding also suggests a strategy for the potential use of biomarkers in clinical trials. For example, CSF Aβ 1-42 concentration could be used to assess the effect of disease modifying interventions on cortical regions while CSF p-tau 181p and t-tau concentrations could be used to assess effects on subcortical structures, while both biomarkers could be used together to determine if interventions affect cortical and subcortical brain structures differentially. CSF biomarker cut-offs to select fastest progressing cohorts could greatly improve the power of AD prevention trials on healthy elderly and MCI.
Several limitations of our study ought to be mentioned. First, MCI and AD subjects were diagnosed clinically; therefore other pathologies may have contributed to their symptoms and the relationships between CSF biomarkers and brain alterations may be unrelated to AD pathology. Another limitation is that CSF biomarkers, especially CSF Aβ 1-42 , have been shown to be saturated and may not accurately reflect severity of brain amyloid deposition or plaque density in the later stages of the disease (Andreasen et al., 1999; Stefani et al., 2006) . Therefore, structural brain changes may still occur secondarily to ongoing amyloid deposition or plaque accumulation. Restriction to linear, time-invariant brain atrophy rates is a technical limitation of our study. This is likely a gross simplification because the loss of brain tissue may be compounding and furthermore neurodegeneration in AD may be a dynamic process, which varies during disease progression. Therefore, models with nonlinear atrophy rate characteristics might lead to different results; however, such models are not always robust, given the limited number of serial MRI measurements and they also require careful validation. Finally, another technical limitation is that our study included fewer CN than MCI subjects despite expectations that power to detect atrophy will be higher for MCI than in CN because of higher atrophy rates in MCI. Therefore, comparisons between CN and MCI (and AD) could be biased toward lower sensitivity to detect a change in CN.
In summary, our findings demonstrate that alterations in CSF Aβ 1-42 , p-tau 181p , and t-tau are each associated with characteristic patterns of structural brain changes (cross-sectionally or longitudinally) in CN and MCI that resembles to a large extent the pattern seen in AD pathology. Specifically, the finding of faster progression of brain atrophy in individuals with MCI in the presence of lower baseline CSF Aβ 1-42 and higher CSF tau levels supports the view that these CSF biomarkers reflect AD brain pathology. Since the CSF Aβ 1-42 and tau levels were also associated with a systematic pattern of regional brain atrophy rates that resembled the pattern known in AD, our findings further support the view that CSF Aβ 1-42 and tau reflect brain damage due to AD pathology. Overall, the findings imply that CSF Aβ 1-42 and tau taken together with MRI measures of rates of brain atrophy progression are promising candidates as biomarkers for early detection of AD.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Top row: Distribution of effects of lower baseline CSF Aβ 1-42 concentrations on higher rate of cortical thinning in MCI group, expressed in terms of a regression coefficient beta (in mm 3 /(year*pg/ul)). Bottom row: Also displayed are the corresponding significance maps (pvalues, FDR corrected) derived from pair-wise maximum likelihood F-tests between GLME models with and without an interaction between biomarker concentration and atrophy rate. Effects of baseline CSF t-tau concentrations on rate of cortical atrophy in MCI group. [top row: cortical maps of regression coefficients β Years: t-tau from GLME models. bottom row: resulting FDR corrected p-value map from pair-wise ML F-tests.] Table 2 Effects of baseline CSF biomarkers on the mean regional tissue (in units of mm 3 /(pg/ml))) Effects of baseline CSF biomarkers on rates of regional brain volume loss (in units of mm 3
/(year*pg/ml))) 
